Abstract-Hepatocellular carcinoma is one of the fastest growing cancers worldwide. Histotripsy is a non-invasive ablation method that fractionates soft tissue through the control of acoustic cavitation. In this study, we demonstrate the feasibility of using histotripsy for non-invasive liver ablation. Fourteen ~1cm 3 lesions were created in the livers of eight pigs through the intact chest in vivo without using aberration correction. Complete fractionation of liver parenchyma was observed with <500 μm sharp boundaries. In addition, two larger volumes of 18 cm 3 and 60 cm 3 were generated within 60 minutes. Histotripsy liver fractionation was self-limited at the boundaries of critical structures including the gallbladder and major vessels. The liver surrounding major vessels was completely fractionated while the vessels remained intact. This work demonstrates that histotripsy is capable of noninvasively fractionating liver tissue while preserving critical anatomical structures within the liver. Results suggest histotripsy has potential for the non-invasive ablation of liver tumors.
INTRODUCTION
Hepatocellular carcinoma (HCC) was the fastest growing cancer in the United States over the last decade with this trend expected to continue [1] . Surgical resection of liver tumors is a proven treatment option but is associated with high rates of morbidity and death [2] . Currently available minimally invasive ablation methods are mostly thermal based, including RFA, microwave therapy, cryoablation, and laser ablation [2] . These methods share inherent limitations due to the heat sink effect resulting from blood flow [3] . Thermal ablation is inconsistent in tissue with non-uniform heat dissipation patterns, which is common in highly vascular liver tumors [2] . In particular, for tissue near major vessels, thermal ablation often results in incomplete tumor necrosis. In addition, these methods are unsuitable for treating tumors larger than 3 cm or more than 3 nodules due to the excessive treatment time. There remains an unmet clinical need for a local ablation method capable of overcoming these limitations.
High intensity focused ultrasound (HIFU) is a non-invasive thermal ablation technique [4] . With its non-invasiveness, realtime MRI feedback, the ability to scan the focal zone over a large tumor volume, HIFU has the promise to improve upon the current liver ablation methods [4] . However, the wide application of HIFU for liver cancer treatment has been limited by long treatment time and the ineffectiveness of the technique in ablating tissue near major blood vessels [5, 6] . When combined with transcatheter arterial chemoembolization (TACE) to decrease tumor blood flow, the HIFU treatment time can be reduced to be comparable to RFA.
Histotripsy is a non-invasive non-thermal ultrasonic ablation method that fractionates tissue through the precise control of acoustic cavitation [7] . Since histotripsy is non-thermal, it is not affected by the heat sink effect from blood vessels and, therefore, does not have the limitations associated with thermal ablation methods. Histotripsy can produce consistent and fast fractionation of tissue with different heat dissipation patterns, even when the tissue is in proximity to major vessels. The fractionation is often self-limited at the boundaries of major vessels with surrounding tissue homogenized. As a noninvasive ablation method, the therapy focus can be scanned to treat a large tumor volume (>3cm) and multiple nodules. Further, the histotripsy cavitation bubble can be visualized with ultrasound imaging, allowing precise targeting. The change in tissue during treatment can be also be directly monitored using standard imaging modalities such as ultrasound and MRI which allows histotripsy to be guided in real time.
A major challenge facing the non-invasive treatment of liver cancer using ultrasound is to overcome the rib obstruction. For transthoracic ablation of the liver using HIFU, phased arrays and aberration correction algorithms have been developed to switch off the elements blocked by the ribs to reduce overheating to the ribs and associated tissue [8, 9] . Even with these improvements, grating lobes may still remain producing undesired heating and collateral damage. Histotripsy is more resistant to the grating lobes caused by rib aberration, as the cavitation cloud is only generated when the pressure exceeds a distinct threshold. By using an appropriate pressure where the main lobe is above the threshold while the grating lobes are not, a confined cloud within the main lobe and a precise lesion can be produced despite the intervening ribs [10] . No aberration correction is needed.
In this study, we investigate the feasibility of developing histotripsy for non-invasive liver ablation. First, histotripsy was used to generate consistent and complete fractionation through ribs and overlying tissue in various locations spanning all major regions of the liver. Second, the effectiveness of vesselsparing ablation using histotripsy to fractionate the liver surrounding major blood vessels was tested. Finally, the capability of ablating large regions in the liver within a reasonable treatment time was investigated.
II. METHODS

A. Porcine Surgical Procedures
A total of 8 healthy 60-90 pound mixed breed pigs were used. Anesthetized pigs (1.5-2.0% isoflurane) were placed in a dorsal recumbent position on the surgical table, and the skin over the targeted tissue was treated with a depilatory cream to improve ultrasound coupling. To ensure ultrasound propagation to targeted tissue, a degassed water bolus was coupled to the skin with a thin plastic membrane and ultrasound coupling gel (Fig.1A ). An 8 MHz phased array ultrasonic imaging probe (Model S8, used with Sonos 7500 imaging system, Philips Electronics, Andover, MA) was aligned coaxially with the histotripsy therapy transducer. The focal position of the therapy transducer in the imaging field of view was found prior to therapy by generating a bubble cloud in degassed water and identifying the location of the hyperechoic region. The therapy transducer was subsequently submerged in the water bowl for treatment. Histotripsy treatment was applied transcutaneously with a portion of the rib cage within the acoustic pathway. After treatment, the pigs were euthanized without recovery with a sodium pentobarbital (140-160 mg/kg) intravenous injection. The treated livers were harvested for examination and tissue layers overlying the treatment target were visually inspected for signs of injury. All procedures used in this work were reviewed and approved by the University Committee on Use and Care of Animals at the University of Michigan. Table 1 .
B. Lesion Generation through Ribs and Overlying Tissue
12 histotripsy lesions were created in 6 pigs with treatment locations spanning various regions of the liver (Fig.1B) . Histotripsy pulses were generated by 1 MHz focused ultrasonic transducer (Imasonic, Besançon, France) with aperture of 100 mm, focal length of 90 mm, and focal volume of 2.2×2.2×15 mm (defined by -6dB from the peak negative pressure). Histotripsy pulses of 10 cycles and 500 Hz pulse repetition frequency (PRF) were applied to the liver. The ultrasound pathway to the liver target consists of 3-6.5cm of overlying tissue, which includes ~30-50% coverage by the ribcage. The applied pressure was incrementally increased until a confined bubble cloud was visualized as a hyperechoic region on ultrasound imaging. This enabled the use of the lowest pressure necessary to generate a bubble at the focus while limiting pressure and cavitation in the grating lobes. Peak negative pressures were between 23 MPa and 27 MPa (measured in free field). After cloud initiation, histotripsy lesions were generated by mechanically scanning the therapy focus to follow a 5×5×5 mm cubic grid. Each point in the grid was treated for 8 seconds (4,000 pulses) before the focus was moved to an adjacent spot 1 mm apart. Treatment was monitored in real-time with ultrasound imaging. Pre-treatment and post-treatment images of the targeted region were collected for comparison purposes.
C. Tissue-selective Liver Ablation
To study the effectiveness of histotripsy to fractionate tissue near major vessels while preserving the vessels, treatments were selectively targeted to regions containing major hepatic blood vessels. Although it is possible to steer the therapy focus around critical structures if so desired, in this study the bubble cloud was actively targeted to these regions to test the hypothesis that the relatively higher mechanical strength of blood vessels compared to liver parenchyma would allow their preservation while the surrounding liver with lower mechanical strength can be completely fractionated. Ultrasound Doppler images of blood vessels within the treated region were taken before and after treatment to determine if blood flow patterns changed after therapy. After treatment, the integrity of vessels was assessed with MRI and histological analysis.
D. Larger Lesion Ablation
To demonstrate the ability of histotripsy to ablate a larger region of liver tissue within a reasonable treatment time, two larger focal scans were performed in separate experiments covering scanned volumes of 12 cm 3 (3×2×2 cm scan) and 18 cm 3 (3×3×2 cm scan) with effectively larger treated volumes due to the size of the bubble cloud. Lesions were formed by mechanically scanning the regions with 2 mm transverse spacing and 5 mm axial spacing. Each location was treated for 4 seconds (2000 pulses) to achieve complete fractionation of a large liver region in a reasonable treatment time. The treatment region was examined with ultrasound imaging before, during, and after treatment including Doppler images of the blood vessels. After treatment, the livers were harvested for MRI and histological evaluation.
E. Liver MRI and Histological Evaluation
To demonstrate the ability to image a histotripsy liver lesion using MRI, porcine liver samples were harvested and imaged ex vivo by a 7T small animal scanner (7.0 Tesla, 310 mm bore, Varian, Inc, Walnut Creek, CA) prior to fixing for histological evaluation. The samples were embedded in a gelatin mold prior to imaging. Both T1 and T2 weighted multi-slice spin-echo images of the liver were acquired along coronal and axial planes. Treated porcine liver samples were then fixed in 10% buffered formalin, stained with hematoxylin and eosin (H&E), and examined under a microscope.
III. RESULTS
A. Lesion Generation through Ribs and Overlying Tissue
To demonstrate the ability of histotripsy to non-invasively generate precise liver lesions through ribs and overlying tissue, therapy was targeted to locations spanning the entire liver with lesions formed in the superior and inferior regions of the left, middle, and right lobes (Table 1) .
A bubble cloud was successfully generated in the liver for all twelve treatments and visualized as a hyperechoic zone on ultrasound imaging allowing for real-time treatment monitoring (Fig. 2) . The creation of liver lesions was also confirmed for all twelve treatments. Lesions were assessed using ultrasound imaging after histotripsy, and the treated regions appeared as hypoechoic zones immediately after treatment for 8 of the 12 lesions (Fig. 2) . The remaining 4 lesions were not as hypoechoic and thus not as easily visualized with ultrasound imaging after treatment completion. After treatment, the excised liver was assessed with MRI. All twelve lesions were observed as bright, hyper-intense regions on MRI with increased T2 relaxation times for fractionated homogenate. The location and size of the lesions shown in MRI correlated well with those evaluated from gross morphology (Fig. 3) . Histological evaluation of histotripsy lesions showed complete fractionation of hepatic parenchyma inside the treated volume (Fig. 3) . The histotripsy lesions contained sharp boundaries with only a small area of partially ablated liver tissue <500 μm for all treatments likely caused by respiratory motion. Additionally, localized hemorrhage was often observed inside the histotripsy lesion or accumulated along the lesion boundary. No hemorrhage was observed in surrounding intact liver tissue. 
B. Vessel-sparing Liver Ablation
Multiple histotripsy treatments were targeted to regions near or containing major hepatic vessels. Histotripsy completely fractionated liver surrounding blood vessels without inducing perforation or visible damage to the vessel wall. MRI images showed that intact blood vessels remained within the fractionated region while Doppler images demonstrated that major vessels had continued blood flow with no observed perforation (Fig.4) . Histological evaluation showed liver was completely fractionated into acellular debris surrounding the vessels while no damage was observed in any of the large vessels (>1 mm diameter). Results further demonstrated an extensive network of undamaged intermediate vessels (>200 μm diameter) throughout the completely fractionated liver lesion (Fig. 5) . The smallest vessels observed to remain intact were approximately 50-100 μm. 
C. Larger Lesion Ablation
To demonstrate the ability of histotripsy to ablate larger sections of liver within a reasonable time, two larger lesions were created. MRI multi-slice analysis showed lesion volumes of approximately 18 cm 3 and 60 cm 3 (Fig.6) . Treatment times were 26.7 minutes and 60 minutes for the 18 cm 3 and 60 cm 3 , respectively. Histological analysis demonstrated completely fractionated liver parenchyma throughout the treated volume with a transition zone between the fractionated tissue and intact region of <500 μm for both larger lesions. Doppler imaging demonstrated that major blood vessels within the large lesions remained patent after treatment. Multi-slice MRI images showed multiple vessels within and surrounding the histotripsy lesion with the vessel structure appearing uncompromised. 
IV. DISCUSSION
In this study, we investigated the feasibility of using histotripsy for non-invasive liver ablation in an in vivo porcine model. Results demonstrate liver was fractionated to acellular debris through ribs and overlying tissue without aberration correction with only small regions of partially damaged tissue present at the boundary. Using ultrasound imaging to monitor the bubble cloud generation as the real-time feedback, an appropriate pressure was chosen for each treatment to produce a bubble cloud and generate a precise lesion through the intact chest. This is the first time histotripsy lesions have been generated in vivo without using aberration correction through intact ribs in adult animals. No gross damage was observed to the ribs and overlying tissue.
This work also studied the effectiveness of histotripsy to fractionate liver tissue near major vessels. Thermal ablation methods are often ineffective in ablating tissue near blood vessels or produce incomplete ablation surrounding vessels. To improve the effectiveness, various methods have been explore including occluding vessels during thermal therapy. Our previous work on histotripsy has shown that tissues of increased mechanical strength are more resistant to histotripsy damage [11] . This finding suggests histotripsy may fractionate liver surrounding vessels while preserving the vessels with higher mechanical strength. In this work, we demonstrated that the major and intermediate hepatic vessels (>200 um) remained intact while the surrounding liver was fractionated. This finding suggests histotripsy can be effective for tumors near major vessels where thermal ablation modalities are not. This vessel-ablation ablation feature may explain why excessive bleeding was never observed in histotripsy treatments even in highly vascular organs.
In the final part of this work, two large volume lesions of 18 cm 3 and 60 cm 3 were created. As histotripsy is not a thermallybased technique, it is unaffected by heat perfusion from blood flow, allowing potentially fast and consistent ablation of large volumes or a greater number of tumor nodules. In this initial in vivo histotripsy study, a larger porcine liver volume (60 cm 3 ), close to a 5 cm diameter volume (65.4 cm 3 ), was ablated within an hour by mechanically scanning the focal zone. By optimizing the acoustic and scanning parameters, the treatment time is expected to be reduced. Additionally, since histotripsy pulses are only a few microseconds long separated by several milliseconds, a phased array could be utilized to electronically steer the focus to other locations in the treatment region during the time between pulses to further shorten the treatment time. Future work will aim to optimize acoustic parameters to achieve ablation of large liver tumor nodules.
V. CONCLUSION
This study demonstrates the feasibility of using histotripsy as a non-invasive ablation method for liver treatment. Histotripsy was capable of creating precise lesions within the liver through the intact chest without the need for aberration correction. Additionally, results show that histotripsy completely ablated a 60 cm 3 liver volume within an hour. Treatments were shown to fractionate the liver tissue surrounding major vessel without damaging the vessels. The results of this work suggest that histotripsy has potential as an innovative non-invasive liver ablation method without the limitations of current thermal ablation methods. Future work will aim to further optimize histotripsy for liver ablation and demonstrate the ability of histotripsy to treat tumors in a relevant liver tumor model.
